Context. Galactic disc chemical evolution models generally ignore azimuthal surface density variation that can introduce chemical abundance azimuthal gradients. Recent observations, however, have revealed chemical abundance changes with azimuth in the gas and stellar components of both the Milky Way and external galaxies. Aims. To quantify the effects of spiral arm density fluctuations on the azimuthal variations of the oxygen and iron abundances in disc galaxies. Methods. We develop a new 2D galactic disc chemical evolution model, capable of following not just radial but also azimuthal inhomogeneities. Results. The density fluctuations resulting from a Milky Way-like N-body disc formation simulation produce azimuthal variations in the oxygen abundance gradients of the order of 0.1 dex. Moreover, in agreement with the most recent observations in external galaxies, the azimuthal variations are more evident in the outer galactic regions. The effect of an analytical spiral structure depends on the pattern speed and the number of spiral arms: larger azimuthal inhomogeneities are found when we consider a slower spiral structure and a single spiral arm. Conclusions. We provided a new 2D chemical evolution model capable of following azimuthal density variations. Density fluctuations extracted from a Milky Way-like dynamical model lead to a scatter in the azimuthal variations of the oxygen abundance gradient in agreement with observations in external galaxies.
Introduction
In recent years, integral field spectrographs (IFSs) have largely substituted long-slit spectrographs in studies designed to characterize the abundance distribution of chemical elements in external galaxies. IFSs have permitted for the first time to measure abundances throughout the entire two-dimensional extent of a galaxy (or a large part thereof) and, thus, to detect azimuthal and radial trends (Vogt et al. 2017) .
In the last years, several observational works have been found evidence of significant azimuthal variations in the abundance gradients in external galaxies. Sánchez et al. (2015) and Sánchez-Menguiano et al. (2016) analyzed in detail the chemical inhomogeneities of the external galaxy NGC 6754 with the Multi Unit Spectroscopic Explorer (MUSE), concluding that the azimuthal variations of the oxygen abundances are more evident in the external part of the considered galaxy.
email to: spitoni@phys.au.dk Vogt et al. (2017) studied the galaxy HCG 91c with MUSE and arrived to the conclusion that the enrichment of the interstellar medium has proceeded preferentially along spiral structures, and less efficiently across them.
Azimuthal variations have been detected in the oxygen abundance also in the external galaxy M101 by Li et al. (2013) . Ho et al. (2017) presented the spatial distribution of oxygen in the nearby spiral galaxy NGC 1365. This galaxy is characterized by a negative abundance gradient for oxygen along the disc, but systematic azimuthal variations of ∼ 0.2 dex occur over a wide radial range of galactic radii and peak at the two spiral arms in NGC 1365. In the same work , the authors presented a simple chemical evolution model to reproduce the observations. Azimuthal variations can be explained by two physical processes: after a local self enrichment phase in the interarm region, a consequent mixing and dilution phase si dominant on larger scale (kpc scale) when the spiral density waves pass through. Probing azimuthal inhomogeneities of chemical abundances has been attempted in the Milky Way system too. Balser et al. (2011) , measuring H II region oxygen abundances, found that the slopes of the gradients differ by a factor of two in their three Galactic azimuth angle bins. Moreover, significant local iron abundance inhomogeneities have also been observed with Galactic Cepheids (Pedicelli et al. 2009; Genovali et al. 2014) . Balser et al. (2015) underlined the importance of azimuthal metallicity structure in the Milky Way disc making for the first time radio recombination line and continuum measurements of 21 HII regions located between Galactic azimuth φ=90
• -130
• . The radial gradient in [O/H] is -0.082 ± 0.014 dex kpc −1 for φ=90
• , about a factor of 2 higher than the average value between φ=0
• -60
• . It was suggested that this may be due to radial mixing from the Galactic Bar.
Analyzing the Scutum Red-Supergiant (RSG) clusters at the end of the Galactic Bar, Davies et al. (2009) concluded that a simple one-dimensional parameterisation of the Galaxy abundance patterns is insufficient at low Galactocentric distances, as large azimuthal variations may be present. Combining these results with other data in the literature points towards large-scale ( ∼ kpc) azimuthal variations in abundances at Galactocentric distances of 3-5 kpc. It thus appears that the usual approximation of chemical evolution models assuming instantaneous mixing of metallicity in the azimuthal direction is unsubstantiated.
From the modeling side we mention here the recent work by Khoperskov et al. (2018) . They investigated the formation of azimuthal metallicity variations in the discs of spiral galaxies in the absence of initial radial metallicity gradients . Using high-resolution N -body simulations, they modeled composite stellar discs, made of kinematically cold and hot stellar populations, and study their response to spiral arm perturbations. They found that azimuthal variations in the mean metallicity of stars across a spiral galaxy are not necessarily a consequence of the reshaping, by radial migration, of an initial radial metallicity gradient. They indeed arise naturally also in stellar discs which have initially only a negative vertical metallicity gradient.
The aim of this paper is to develop a detailed 2D galactic disc chemical evolution model, able to follow the evolution of several chemical elements as in previous 1D models, but also taking into account azimuthal surface density variations. Throughout the paper when we refer to the thin and thick discs we mean the low-and high-[α/Fe] sequences in the [α/Fe]-[Fe/H] plane. Defining the thin and thick discs morphologically, rather than chemically, identifies a mixture of stars from both the low-and high-[α/Fe] sequences, and vise versa (Minchev et al. 2015 , Martig et al. 2016 . It is, therefore, very important to make this distinction and avoid confusion. We apply this model by using the 2D surface density fluctuation in the Milky Way disc chemo-dynamical model by Minchev et al. (2013) (hereafter MCM13), as well as using analytical spiral arm prescriptions.
Our paper is organized as follows. In Section 2, we describe the framework used for the new model. In Section 2.1 the adopted nucleosynthesis prescriptions are reported. In Section 2.2 the density fluctuation from the chemo-dynamical model by MCM13 are indicated. In Section 2.3 we present the analytical expressions for the density perturbations due to Galactic spiral arm. In Section 3 we presents our results with the density fluctuation from chemo-dynamical models and with an analytical spiral arm prescription are reported. Finally, our conclusions are drawn in Section 4.
A 2D galactic disc chemical evolution model
The basis for the 2D chemical evolution model we develop in this section is the classical 1D Matteucci & François (1989) approach, in which the Galactic disc is assumed to be formed by an infall of primordial gas. The infall rate for the thin disc (the low-α sequence) of a certain element i at the time t and Galactocentric distance R is defined as:
where X A i is the abundance by mass of the element i of the infall gas that here is assumed to be primordial, while the quantity τ D (R) is the time-scale of gas accretion. The coefficient b(R) is constrained by imposing a fit to the observed current total surface mass density Σ D in the thin disc as a function of the Galactocentric distance given by:
where t G is the present time, Σ D,0 is the central total surface mass density and R D is the disc scale length. The fit of the Σ D (R) quantity using the infall rate law of eq. (1) is given by:
The observed total disc surface mass density in the solar neighbourhood is Σ D (8 kpc, t G ) = 54 M pc −2 (see references in Cescutti et al. 2007 , Spitoni et 2015 , 2018a . The infall rate of gas that follows an exponential law is a fundamental assumption adopted in most of the detailed numerical chemical evolution models in which the instantaneous recycling approximation (IRA) is relaxed.
An important ingredient to reproduce the observed radial abundance gradients along the Galactic disc is the inside-out formation on the disc (Spitoni & Matteucci 2011 , Cescutti et al. 2007 , Mott et al. 2013 . The timescale τ D (R) for the mass accretion is assumed to increase with the Galactic radius following a linear relation given by (see Chiappini et al. 2001) :
for Galactocentric distances ≥ 4 kpc. For the star formation rate (SFR) we adopt a Kennicutt (1998) law proportional to the gas surface density:
where ν is the star formation efficiency (SFE) process and Σ g (R, t) is the gas surface density at a given position and time. The exponent k is fixed to 1.4 (see Kennicutt 1998) . We divide the disc into concentric shells 1 kpc wide in the radial direction. Each shell is itself divided into 36 segments of width 10
• . Therefore at a fixed Galactocentric distance 36 zones have been created.
With this new configuration we can take into account variations of the SFR along the annular region, produced by density perturbations driven by spiral arms or bars. Therefore, an azimuthal dependence appears in eq. (5) and, , which can be written as follows:
In this paper we will show results related to the effects of density fluctuations of the chemo-dynamical model of MCM13 and we will test the effects of an analytical formulation for the density perturbations created by spiral arm waves. The reference model without any density azimuthal perturbation is identical to the Cescutti et al. (2007) one. This model is quite successful in reproducing also the most recent abundance gradients observed in Cepheids by Genovali et al. (2015) .
Nucleosynthesis prescriptions
In this work we present results for the azimuthal variations of abundance gradients for oxygen and iron. As done in a number of chemical evolution models in the past (e.g. Cescutti et al. 2006 , Spitoni et al. 2015 , 2018b , we adopt the nucleosynthesis prescriptions by François et al. (2004) François et al. (2004) selected the best sets of yields required to best fit the data (details related to the observational data collection are in François et al. 2004 ). In particular, for the yields of Type II SNe they found that the Woosley & Weaver (1995) ones provide the best fit to the data: no modifications are required for the yields of iron, as computed for solar chemical composition, whereas for oxygen, the best results are given by yields computed as functions of the metallicity. The theoretical yields by Iwamoto et al. (1999) are adopted for the Type SNeIa, and the prescription for single low-intermediate mass stars is by van den Hoek & Groenewegen (1997) .
Recent results have shown that rotation can influence the oxygen nucleosynthesis in massive stars (Meynet & Meader 2002) and therefore chemical evolution (Cescutti & Chiappini 2010) , in particular at low metallicity. However, this does not affects our results being the data shown in this project relatively metal rich. Moreover, we are mostly interested in differential effects, rather than absolute values.
2D disc surface density fluctuations from the MCM13 model
We consider the density fluctuations present in the Milky Way like simulation obtained by Martig et al. (2012) and chosen in MCM13 for their chemodynamical model. The simulated galaxy has a number of properties consistent with the Milky Way, including a central bar. MCM13 followed the disc evolution for a time period of about 11 Gyr, which is close to the age of the oldest disc stars in the Milky Way. The classical 1D chemical evolution model is quite successful in reproducing abundance gradient along the Galactic disc (Cescutti et al. 2007) . With the aim of preserving the general trend of the 1D chemical evolution model, we introduce a density contrast function f related to the perturbations originated by the MCM13 model. At a fixed Galactocentric distance R, time t and azimuthal coordinate φ, the new surface mass density is:
We impose that the average value of the density contrast f is 1, i.e.:
This guarantees that, at a fixed Galactocentric distance R and a time t, the average surface mass density is the one predicted by the 1 D chemical evolution model.
ISM density fluctuations from analytical spiral structure
Here we investigate the effect of an analytical spiral arm formulation on the azimuthal variations of the abundance gradients. In particular, we consider the model presented by Cox & Gómez (2002) . The expression for the time evolution of the density perturbation created by spiral arms in our Galaxy in terms of the surface gas density is:
where χ(R, t G ) is the present day amplitude of the spiral density:
while M(γ) is the modulation function for the "concentrated arms" given by Cox & Gómez (2002) . The M(γ) function can be expressed as follows:
In eq. (12), m is the number of spiral arms, α is the pitch angle, R S is the radial scale-length of the drop-off in density amplitude of the arms, Σ 0 is the surface arm density at fiducial radius R 0 , Ω is the pattern angular velocity, with the azimuthal coordinate φ increasing counter-clockwise and a clockwise rotation, φ p (R 0 ) is the coordinate φ computed at t=0 Gyr and R 0 . An important feature of such a perturbation is that its average density at a fixed Galactocentric distance R and time t is zero,
In Fig. 1 we show the modulation function M(γ) of "concentrated arms" on the Galactic plane using the model parameters suggested by Cox & Gómez (2002) 
• , R S = 7 kpc. The modulation function is computed at 6 Gyr assuming the angular velocity value of Ω = 18.6 km s
suggested by Faure et al. (2014) and φ p (R 0 ) = 0. Cox & Gómez (2002) provided a value for the spiral arm perturbation density at 8 kpc equal to ρ 0 = 14 11 m H cm −3 . Our implementation requires the surface density Σ S ,0 , which can be recovered from the z direction amplitude provided by Cox & Gómez (2002) (their eq. 1), with the following relation:
where H is the disc scale-height. Adopting H=180 pc (chosen to match the scale-height of the thin stellar disc proposed by Dehnen & Binney 1998, Model2 ; and in agreement with Spitoni et al. 2008 ) we obtain
It is important to underline that in our approach the time dependence of the density perturbation by the spiral arms is only in the modulation function M(γ) through the term Ωt (see eqs. 11 and 12). Currently, there are no analytical prescriptions for the time evolution of both the amplitude of the spiral arm perturbation and its radial profile in the Galactic evolution context (spiral arm redshift evolution). Therefore, we make the reasonable assumption that during the Galactic evolution the ratio between the amplitude of the spiral density perturbation χ(R, t) and the total surface density Σ D (R, t) computed at the same Galactic distance R remains constant in time, i.e.
, assuming a coeval evolution of these two structures in time. We define the dimensionless quantity δ S (R, φ, t) as the following ratio:
With the assumption that the ratio χ(R, t)/Σ D (R, t) is constant in time, eq. (16) becomes:
If we include the contribution of the perturbation originated by spiral arm in the SFR driven by a linear Schmidt (1959) law (i.e. Ψ = νΣ g (R, t)) we have that: (11) for concentrated arms by Cox & Gómez (2002) with N = 2 spiral arms, fiducial radius R 0 = 8 kpc, pitch angle α = 15
• , and φ p (R 0 ) = 0.
We are aware that this is a simplification to the more complex behavior seen in N-body simulations (Quillen et al. 2011 , Minchev et al. 2012b , Sellwood and Carlberg 2014 and external galaxies (Elmegreen et al. 1992; Rix & Zaritsky 1995; Meidt et al. 2009 ), where multiple spiral patterns have been found. As stated in the previous Section, the average modulation function over the azimuth φ at a fixed time t and Galactocentric distance R is null (< M(γ) > φ = 0). Therefore, in presence of a linear Schmidt (1959) law at a fixed Galactocentric distance the average value of Ψ(R, t, φ) d+s over φ of the SFR defined in eq. (18) is equal to the unperturbed SFR by the following expression:
Our adopted SFR is the one proposed by Kennicutt (1998) which exhibits the exponent k=1.5. Hence, the SFR in the Galactic disc in presence of spiral arm density perturbations becomes:
We also tested the case in which a variable SFE ν(R, φ, t), associated to the transit of the spiral arms, is taken into account. In several chemical evolution works (i.e. Romano et al. 2010 , Chiappini et al. 2001 ) the SFE in the solar neighbourhood has been fixed at the value of 1 Gyr −1 . To mimic the increase of the SFE due to the presence of the spiral arm we use the modulation function M(γ) defined in eq. (11) through the following relation: Fig. 2 . The galactic disc SFR in units of M pc −2 Gyr −1 computed at 0.1, 0.7, 6, 11 Gyr after the start of disc formation, for the chemical evolution model in which we tested the effects of the density fluctuations by MCM13 model. An interesting property of the variable SFE described in eq (21) is that, at fixed Galactocentric distance and time, the average ν value is identical to ν 0 :
In this paper ν 0 is assumed equal to 1.1 Gyr −1 . From the modulation function M(γ) reported in Fig. 1 at a fixed time, we can deduce that the range spanned by the SFE (throughout the whole Galactic disc) is between 0.1 and 4.1 Gyr −1 . Therefore, the final expression of the adopted SFR in this work in presence of i) density perturbations caused by spiral arms, ii) a variable SFE linked to spiral arms, is the following one:
Results
In this section we apply our 2D model by using surface density fluctuations from the MCM13 chemo-dynamical model and from an analytical prescription.
Density fluctuation from the MCM13 chemo-dynamical model
In this section we present our results based on the new 2D chemical evolution model including the density mass fluctuation extracted from the chemo-dynamical model by MCM13. Fig. 2 shows the galactic disc SFR computed at 0.1, 0.7, 6, 11 Gyr after the start of disc formation, for the chemical evolution model in which we tested the effects of the density fluctuation by MCM13 in units of M pc −2 Gyr −1 . We notice that at early times (i.e the "1 Gyr" case reported in the upper left panel), the SFR is more concentrated in the inner Galactic regions, the SFR in the innermost regions decreases and the outer parts become more star forming active because of the "inside-out" prescription coupled with the inclusion of the density fluctuation. At the Galactic epoch of 1 Gyr after the start of disc formation, regions with the same Galactocentric distances have approximately the same SFR. Already after 0.7 Gyr of Galactic evolution, azimuthal star formation inhomogeneities are not negligible. Concerning the panel with the model results Fig. 3 . The galactic disc SFR normalized to the maximum value SFR R,, max of the annular region located at the Galactocentric distance R, i.e SFR(R, φ)/SFR R,max , computed computed at 0.1, 0.7, 6, 11 Gyr after the start of disc formation, for the chemical evolution model in which we tested the effects of the density fluctuations by MCM13 model. at 6 Gyr, azimuthal inhomogeneities are evident, in particular at 8 kpc the ratio between the maximum and the minimum values assumed by the SFR is SFR max /SFR min =6.72.
In Fig. 2 the bar and spiral arms features do not show up clearly, especially in early times. This is caused by the adopted inside out prescription (eq. 4) which leads to huge differences between the SFRs computed in inner and outer regions. In Fig. 3 , the galactic disc SFR(R, φ) is normalized to the maximum value SFR R, max of the annular region located at the Galactocentric distance R, i.e SFR(R, φ)/SFR R,max , computed at 0.1, 0.7, 6, 11 Gyr after the start of disc formation, respectively. Here, different features related to density perturbations originated by spiral arms and bar can be noted.
In Fig. 4 the main results related to the present day oxygen abundance azimuthal variation are presented. The top panel shows the azimuthal distribution of the residual of the oxygen abundances computed with our chemical evolution model at 4, 8, 12, 16, and 18 kpc after subtracting the average radial gradient (i.e. the one obtained with the reference model without any density perturbation). Throughout this paper we adopt the photospheric values of Asplund et al. (2009) as our solar reference. We see that the behavior is in excellent agreement with the observations by Sánchez et al. (2015) ; indeed, data show that outer regions display larger azimuthal variations, and the amplitude of the risidual variations are of the order of 0.1 dex (see Figure 7 by Sánchez et al. 2015 ) . In our model the maximum variations are ∼ 0.12 dex for the chemical evolution models computed at 18 kpc. Our results appears to have a bit less scatter.
In the lower panel of Fig. 4 we present our "mock" observations. We draw oxygen abundances of different ISM regions at different Galactocentric distance at random azimuthal coordinates φ. Hence, we add an error of σ φ =5
• to alleviate the fact that our model presents a resolution of 10
• in the azimuthal component φ. Moreover, the average observational uncertainty associated to the oxygen abundances of σ [O/H] = 0.05 dex provided by Sánchez et al. (2015) has been considered. We define Sánchez et al. (2015) ; the color code is identical to line colors of the upper panel: innermost disc regions are associated with the green points, the outermost ones with the purple points.
the "new" oxygen abundance including these uncertainties as follows:
where U is the random generator function. Similarly, we implement the uncertainty in the azimuthal component through the following relation:
Here, it is clearly visible the similarity between the Sánchez et al. (2015) observations and our results. To summarize, the inclusions of density perturbations taken from a self-consistent dynamical model at different Galactic times, leads to significant variations in chemical abundances in the outer Galactic regions.
In Fig. 5 we show results for the present day abundance gradient (after 11 Gyr of evolution) for iron computed for six azimuthal slices (as indicated) of width 10
• at different azimuthal coordinates. In the same plot is indicated with a shaded grey • .
area the maximum spread in the abundance ratio [Fe/H] obtained by the azimuthal coordinates we considered (0
• , 180
• , 240
• , and 300
• ). As a consequence of the results presented above, the shaded area is larger towards external regions. We also overplot the data from Genovali et al. (2014) in order to compare to our model predictions. We notice that the predicted gradient is slightly steeper than the observed one in the external Galactic regions. However, we notice that the model lines pass within in the data standard deviation computed dividing the data by Genovali et al. (2014) in six radial bins.
In Fig. 6 we tested the effects of chemo-dynamical fluctuations on the time evolution of the oxygen abundance gradient at a fixed azimuth (φ=0 • ). In agreement with Minchev et al. (2018) the abundance gradient flattens in time, because of the chemical evolution model assumptions. As shown by Spitoni et al. (2015) and Grisoni et al. (2018) , the inclusion of radial gas flows can in lead to even steeper gradients in time during the whole Galactic history.
In Fig. 7 we compare the average iron abundance azimuthal variation in bins of φ=15
• presented by Genovali et al. (2014) computed at 6, 8 10, and 12 kpc, respectively with our 2D chemical evolution model, resulting from the MCM13 density variations. We see that the observed azimuthal variations are for limited Galactocentric distances (6-12 kpc) and with a narrow range of azimuthal coordinates. Although it is evident that the observed amplitude of azimuthal variations are larger than the ones predicted by our models, more precise Galactic Cepheid data are required to make firm conclusions. Moreover, other dynamical processes that we have not considered in this work had maybe played important roles in the evolution and in the building up of the Galactic gradients and their azimuthal variations -radial migration processes can already introduce some variations in about a Gyr (Quillen et al. 2018) . 
Density fluctuations from an analytical spiral arm formulation
In this Section we discuss the results of chemical evolution models with only analytical prescriptions for spiral arm density perturbations without including any density fluctuations from chemo-dynamical models. The primary purpose here is to test the effect of regular perturbations (i.e. spiral arms evolution described by an analytical formulation) on the chemical evolution of a Milky Way like galaxy. We underline that the results showed in the previous Section reflect more closely the complex behavior of the Milky Way. However, we are also interested to explore different spiral arm configurations which could characterize external galactic systems by varying the free parameters of the analytical expression of the spiral arms. In particular, we will show the effects on the azimuthal variations of abundance gradients for oxygen by varying: i) the multiplicity m of spiral arms; ii) the pattern speed Ω of the spiral structure; iii) the SFE (ν) prescription.
For all model results that will be presented we assume the following Cox & Gomez (2002) prescriptions: the radial scale length of the drop-off in density amplitude of the arms fixed at the value of R S = 7 kpc, the pitch angle is assumed constant at α = 15
• , and the surface arm density Σ 0 is 20 M pc −2 at the fiducial radius R 0 = 8 kpc; finally we assume φ p (R 0 ) = 0.
We use the Milky Way spiral pattern speed derived by Siebert et al. (2012): Ω = 18.6 km s −1 kpc −1 . Fig. 10 . The present day Galactic disc SFR related to the model SB (see Table 1 and text for model details). The color code indicates the SFR in the single boxes in units of M pc −2 Gyr −1 .
Results for Milky Way-like spiral structure
We begin our analysis discussing the results obtained with the spiral arm free parameters which characterize the Milky Way, i.e. the model SA in Table 1 . The upper panel of Fig. 8 shows the azimuthal variations of the residual of the oxygen abundances computed with our chemical evolution model at different Galactocentric distances after subtracting the average radial gradient after 11 Gyr of disc evolution. In the lower panel of Fig. 8 we present the temporal evolution of the oxygen abundance azimuthal variations for the model SA as function of the azimuthal coordinate φ computed at 20 kpc. As expected, larger inhomogeneities are present at early times, and they decrease in time. From this Figure, it is clear that with our model assumptions the effects of spiral arms are at the present time negligible, in fact the residual variation ∆[O/H] ≤ 0.01 dex, i.e. not substantially capable to produce observable fluctuations.
We underline that for the spiral arm free parameter pattern speed Ω, we are adopting the observed present time one. As discussed in Section 2.2, we assume that during the Galactic evolution the ratio between the amplitude of the spiral density perturbation and the total surface density computed at the same radius R, remains constant in time. However, this analytical approach is not capable to put constraints on the temporal evolution of pattern speed.
The chemical evolution is an integral process in time. Therefore, it is reasonable that azimuthal variations produced tends to be quenched and smoothed by such as of "regular" perturbation characterized by a constant in time modulation function M(γ), and a fixed pattern speed Ω. Clearly, the analytical assumptions can be considered as lower limits for the perturbations. In fact. we expect the Galaxy has been evolved with a more complex and less regular behaviour. Fig. 11 . As in Fig. 9 but for model SC, with multiplicity m=1 of spiral arms.
In conclusion, we remark that the Galactic chemical evolution process quenches the inhomogeneities derived by analytical prescriptions for spiral arms which are more evident at early time. We stress that this result is based on the strong assumption that the considered spiral arm is a regular perturbation characterized by a modulation function M(γ) constant in time.
Results with slow spiral arms
In this Section we assume a slow spiral arm pattern velocity Ω compared to the one observed at the present time in the Milky Way. We tested the case with an angular velocity of Ω fixed at the value of 1.86 km s −1 kpc −1 (one tenth of our previous assumption) with a constant SFE, fixed at the value of ν o = 1.1 Gyr −1 .
In Fig. 9 we show model SB results for m=2 spiral arms (see Table 1 for other parameter details). for the azimuthal residual of the oxygen abundances computed with our chemical evolution model after subtracting the average radial gradient. We notice that a slow spiral arm leads to larger azimuthal inhomogeneities compared to model SA in Fig. 8 , and the maximum azimuthal variation in the oxygen abundance is in this case around 0.1 dex. This is due to the fact that the higher SFR in a certain region caused by the spiral arm perturbation (locally higher gas overdensity) lasts for a longer time, therefore more massive stars can be created and more metals can be ejected into the local ISM under the spiral arm passage.
Here, it is more evident compared to Fig. 8 that external parts are characterized by larger perturbations in the chemical abundance, as found by observations in external galaxies (Sánchez et al. 2015 ) and by our model with chemo-dynamical fluctuations by MCM13. In the lower panel of Fig. 9 is also presented the time evolution of the oxygen abundance computed at 20 kpc. As found for the Milky Way like case the abundance perturbations are decreasing in time. However, the main effect of a slower pattern velocity is to partially preserve the chemical inhomogeneities formed at the early time. Fig. 10 depicts the present time SFR on the galactic plane computed with the model SB. Here, it is evident the way in which the spiral arm density perturbation affects and modulates SFR computed at the present time in unit of M pc −2 Gyr −1 . The shape of two spiral arm over-densities is clearly visible in the SFR. This is in contrast to our results using the MCM13 density fluctuations (see Fig. 2 ), where multiple spiral density waves were present.
Results with an m=1 spiral pattern
We want to test whether the intensity of the amplitude of the azimuthal chemical abundance variations is dependant on the number m of spiral arms. In Table 1 we label as model SC a model identical to the model SB but with an m=1 spiral structure, i.e., having only one spiral arm. Such a mode arises natu- Fig. 13 . The azimuthal distributions of the residual of the oxygen abundances computed with our chemical evolution model at 4, 8, 12, 16 , and 20 kpc (after subtracting the average radial gradient) for models with slow pattern speed Ω=18.6/10 km s −1 kpc −1 and a variable SFE which follows the relation ν=1.1+2M(γ). In the upper panel is shown the case with N = 2 spiral arm (model SD), whereas in lower one the case with N = 1 (model SE). rally in N-body simulations (Quillen et al. 2011 , Minchev et al. 2012a and is seen in external galaxies (Zaritsky & Rix 1997) .
In upper panel Fig. 11 we notice that the abundance variations are slightly larger than the ones obtained with same model but m=2 (upper panel of Fig. 9 ): for the most external Galactocentric distance (20 kpc) the maximum fluctuation in the amplitude is around 0.12 dex. In the same Figure is presented the time evolution of azimuthal abundance inhomogeneities for oxygen computed at 20 kpc with the model SC at 2, 4, 6, 8, and 11 Gyr. It is clear that the case with the m=1 spiral arms and a slow pattern speed present the larger inhomogeneities among all the model with analytical spiral arms presented so far.
In Fig. 12 the abundance gradient computed at 11 Gyr at different azimuthal coordinates is shown. As found in the previous Section, larger differences are in the outer galactic regions.
The model results presented so far, characterized by a constant SFE, are all in agreement with the observations of Sánchez et al. (2015) , in fact larger fluctuations are predicted in the outer Galactic regions.
Results with a variable SFE
We now consider the case with a variable SFE, ν, for the slower spiral arm model (pattern speed fixed at the value of 18.6/10 km s −1 kpc −1 ). As stated in the previous Sections, we want also to test an enhanced SFE connected to the density perturbations created by spiral arm passage. As explained in Section 5, the variable SFE introduced in eq. (21) spans the range between 0.1 and 4.1 Gyr −1 . We recall that at a fixed Galactocentric distance and time, the average SFE over the azimuthal coordinates is 1.1 Gyr −1 (see eq. 22). In Fig. 13 shows the azimuthal variations of the residual oxygen abundance predicted by a variable SFE prescription. The top panel presents the case of a two-armed spiral structure and a slow pattern speed (model SD in Table 1 ). The bottom panel shows a one-arms structure with a slow pattern speed (model SE).
It is evident that the model with only one spiral arm (model SE) presents the maximum azimuthal variation in the oxygen abundance of ∼ 0.24 dex. With this prescription our findings are no more in agreement with the observations by Sánchez et al. (2015) . In fact, abundance variations in the outer parts are now slightly smaller than in the inner regions.
In Fig. 13 , we find that the maximum abundance variations are achieved at the solar radius. More observations in external galaxies are required to check whether this SFE formulation is reasonable or must be ruled out.
Conclusions
In this paper we presented a new 2D chemical evolution model, able to trace azimuthal variations in the galactic disc density. We applied this model to (i) the density fluctuations arising in a disc formation simulation by Martig et al. (2012) , used for the MCM13 Milky Way chemo-dynamical model, and (ii) the density perturbations originating from an analytical spiral arm formulation.The main conclusions can be summarized as follows:
-We found that the density fluctuations from the considered chemo-dynamical model produce significant oxygen azimuthal variations in the abundance gradients of the order of 0.1 dex. -The azimuthal variations are more evident in the external galactic regions, in agreement with the recent observations of the galaxy NGC 6754 , using MUSE data (Sánchez et al. 2015 ).
-The effects of the inclusion of an analytical spiral arm prescription, are dependent on the pattern speed and the number of spiral arms: the more significant abundance inhomogeneities along the azimuth are found for slow pattern speed (Ω = 1.86 km s −1 kpc −1 ), and the variation is more enhanced for the model with only one spiral arm. Such an m=1 perturbation can result naturally from the coupling of m=2 and m=3 modes, as found by Quillen et al. (2011) and Minchev et al. (2012a) using pure N-body and SPH simulations, respectively. -A constant SFE together with the analytical spiral structure, resulted in larger azimuthal abundance variations in the external disk regions, in agreement with models using the MCM13 density fluctuations. -A variable SFE dependent on the spiral modulation function resulted in a decrease of abundance azimuthal variations in the external disc regions and an increase in the inner parts. -We found that the more significant azimuthal abundance variations seen at early times in presence of a regular, periodic perturbation (e.g., the analytical spiral structure) tend to quench at later times. This is expected, as galactic chemical evolution is cumulative process and phase-mixing and radial migration tend to wipe structure with time.
In future work we will improve the new 2D chemical evolution model introduced here by taking into account stellar radial migration of long-lived stars and the pollution to the ISM abundance introduced by them at radii and azimuths different than their birth places. We will also use this model to update the Galactic habitable zone results presented by Spitoni et al. (2014 Spitoni et al. ( , 2017 and study the effect of spiral structure and the Galactic bar. Moreover, we should consider a tightly wound spiral structure, as suggested by Quillen et al. 2018 and Laporte et al. (2018) , who provided explanation to phase-space structure found in the second Gaia data release (Gaia collaboration et al. 2018) .
